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In general, spinal cord ischemic injury is the result of
a temporary or permanent interruption of spinal cord
blood supply. Ischemic injury as the result of temporary
interruption is dependent on the duration that arteries
that initially supply the spinal cord are not perfused, which
is illustrated with increased paraplegia rates after pro-
longed aortic cross-clamp times.3,5 Permanent cessation is
associated with the variable and unpredictable anatomy of
the intercostal and lumbar arteries and the extent of the
aneurysm. In degenerative thoracoabdominal aneurysms,
most segmental arteries are occluded with mural throm-
bus or atherosclerotic plaques, which suggests that spinal
cord perfusion is mainly provided by collateral networks.
During the procedure, however, the surgical dilemma of
which artery should be reimplanted or ligated is deter-
mined with the unknown contribution of the patent seg-
mental vessels to this collateral network and thus spinal
cord perfusion.
One of the main limitations of the strategies that aim
for the restoration and maintenance of spinal cord blood
supply is the inability for the actual assessment of the ade-
Spinal cord ischemia during and after thoracoabdomi-
nal aortic aneurysm (TAAA) surgery remains one of the
most life-destructive complications. Because of its multifac-
torial cause, several strategies for the preservation of spinal
cord integrity have been developed, which contribute to
improved clinical outcome.1-4 These adjunctive procedures
include distal aortic perfusion,1 cerebrospinal fluid (CSF)
drainage,2,3 and systemic or local hypothermia.4
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Objective: In patients with thoracoabdominal aortic aneurysms (TAAAs), the blood supply to the spinal cord is highly
variable and unpredictable because of obstructed intercostal and lumbar arteries. This study was performed for the
prospective documentation of patent segmental arteries during TAAA repair and the assessment of their functional con-
tribution to the spinal cord blood supply.
Methods: TAAA repair was performed in 184 consecutive patients (68 with type I aneurysm, 91 with type II, and 25
with type III) according to a protocol that included left heart bypass grafting, cerebrospinal fluid drainage, and the
monitoring of motor-evoked potentials (MEPs). Patent intercostal and lumbar arteries were documented, and all reat-
tached, selectively grafted, and oversewn segmental arteries were noted. MEP amplitude that decreased to less than 25%
of baseline was considered an indication of critical spinal cord ischemia and prompted spinal cord revascularization.
Results: Adequate MEP levels were encountered in 183 of 184 patients. One patient had early paraplegia (absent MEPs),
two patients had delayed paraplegia develop, and two patients had temporary paraparesis, which accounted for an over-
all neurologic deficit of 2.7%. The median total number of patent intercostal and lumbar arteries in type I, II, and III
aneurysms was three, five, and five, respectively. In eight of 68 type I cases, no segmental arteries were seen between the
fifth thoracic vertebrae (T5) and the first lumbar vertebrae (L1) and MEP levels remained adequate because of distal
aortic perfusion. In 18 of 91 type II cases, the aortic segment T5 to L1 did not contain patent arteries, and in six of
these patients, the segment L1 to L5 did not have lumbar arteries either. In the latter patients, MEP levels depended on
the pelvic circulation provided with the left heart bypass graft. In the other 12 of 91 type II cases, the only patent arter-
ies were the lumbar arteries between L3 and L5. The loss of MEPs could be corrected with the reattachment of these
arteries. In seven of 25 type III cases, the MEP levels also depended on lumbar arteries L3 to L5 and in three of 25
cases, no segmental arteries were available and MEP levels recovered after the reperfusion of the pelvic circulation. With
the combination of the findings of type II and III cases, spinal cord perfusion was directed by lower lumbar arteries in
16% of the cases (19 of 116) and pelvic circulation in 8% of the cases (nine of 116).
Conclusion: In patients with TAAA, most intercostal and lumbar arteries are occluded and spinal cord perfusion
depends on an eminent collateral network, which includes lumbar arteries and pelvic circulation. The monitoring of
MEPs is a sensitive technique for the assessment of spinal cord ischemia and the identification of segmental arteries that
critically contribute to spinal cord perfusion. Surgical strategies on the basis of this technique reduced the incidence
rate of neurologic deficit to less than 3%. (J Vasc Surg 2002;35:30-7.)
JOURNAL OF VASCULAR SURGERY
Volume 35, Number 1 Jacobs et al 31
quacy of spinal cord blood flow. If a specific strategy fails
to re-establish spinal cord perfusion, the irreversible dam-
age will be detected only after the patient awakens. In a
previous study, we showed that monitoring motor-evoked
potentials (MEPs) is an effective technique for the accu-
rate assessment of cord ischemia during the operation,
with the guidance of surgical strategies for the prevention
of neurologic deficits.6 With this functional approach,
those segmental arteries that are critical for spinal cord
blood supply can be identified. The aim of this study was
the documentation of the anatomy of the patent segmen-
tal arteries in patients with extensive TAAAs and the deter-
mination of their functional contribution to spinal cord
blood supply with continuous MEP monitoring.
PATIENTS AND METHODS
Patient characteristics
In 184 consecutive patients, comprising the patients
of our previous report,6 TAAA repair was performed
according to a standard surgical protocol. The median age
of the 82 female and 102 male patients was 68 years
(range, 38 to 79 years). The preoperative risk factors
included chronic obstructive pulmonary disease (39%),
coronary artery disease (28%), hypertension (62%), and
renal insufficiency (18%). Thirty-nine patients (21%) had
already undergone aortic surgery for aneurysmal disease of
the ascending aorta (n = 8), aortic arch (n = 2), and
infrarenal aorta (n = 29). Because of the different cause
with respect to the anatomy of intercostal and lumbar
arteries, the patients with Marfan’s syndrome were not
included, which indicated that all the patients had athero-
sclerotic TAAA. Thirty-one cases (17%) were post-type B
dissection, and eight patients underwent emergency
surgery.
Preoperative cardiac assessment was performed in all the
patients and included echocardiography (valve insufficiency
or stenosis, left ventricular function) and dipyridamole
-thallium scanning (myocardial perfusion before and after
stress). If myocardial ischemia was determined, coronary
angiography was performed and followed, if necessary, with
percutaneous transluminal coronary angioplasty (n = 7) or
coronary artery bypass grafting (n = 4).
The Crawford classification was used to describe the
extent of the aneurysm: type I (n = 68), type II (n = 91),
and type III (n = 25) TAAAs. In type I aneurysms, the
aortic portion includes the segmental arteries between T5
and L1. The segmental arteries between T5 and L5 are
included in type II aneurysms, and in type III aneurysms,
the arteries between T7 and L5 are included. The mini-
mal diameter of the aorta was 5.8 cm, with a mean value
of 6.7 cm.
Surgical protocol
After the patient was positioned on the beanbag, thora-
colaparotomy was performed through the sixth intercostal
space. The sixth rib was left in situ but was intentionally
transected at the dorsal site to improve thoracic exposure.
The abdominal aorta was dissected lateral and dorsal of the
left colon, kidney, and spleen, which identified the left
ureter and left renal artery (in types II and III). The
diaphragm was only transected at the anterior side (maximal
length, 5 cm), and the crossing muscles of the diaphragm at
the aorta were longitudinally opened. A loop around the
diaphragm allowed the pulling and exposing of the aorta
without the necessity for the complete transection of the
muscle. After limited heparinization (0.5 mg/kg), retro-
grade aortic perfusion was established with the cannulation
of the femoral artery and the left upper pulmonary vein.
The contralateral femoral artery was used for the assessment
of distal arterial pressure, and the femoral vein contained
the catheter of a rapid infusion system.
Routinely, the proximal descending aorta was cross-
clamped with two clamps and completely transected, and
the proximal anastomosis was performed while distal aor-
tic perfusion was maintained with a mean distal aortic
pressure (DAP) of 60 mm Hg. This pressure was increased
if the MEP levels deteriorated or if urine output decreased.
If the aneurysm allowed sequential clamping, the aorta
was replaced in segmental steps.
In patients with type II and III aneurysms, the celiac
axis, superior mesenteric artery, and both renal arteries were
selectively perfused with 9F to 13F perfusion catheters
(Medtronic DLP, Grand Rapids, Mich) with assessment of
volume flow and perfusion pressure in each artery.7 In the
case of severely diseased arteries, separate 6-mm to 8-mm
polyester grafts were anastomosed in an end-to-end fashion
while selective perfusion continued. Temperature decreased
spontaneously and reached rectal temperatures between
Fig 1. Schematic representation of aortic cross-clamping
between fifth thoracic vertebrae (T5) and first lumbar vertebrae
(L1) with subsequent motor-evoked potential (MEP) changes in
patients with type I thoracoabdominal aortic aneurysm (TAAA).
s.a., Segmental artery; DAP, distal aortic pressure.
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31°C and 34°C during the aortic reconstruction. After the
aortic repair, the left heart bypass was used to rewarm the
patient’s temperature to 36°C.
Anesthesia technique
The patients were administered a 2-mg to 4-mg oral
dose of lorazepam 1 hour before the operation. A catheter
was introduced in the intrathecal space to assess CSF pres-
sure, which was routinely monitored until the third post-
operative day and was allowed to drain spontaneously if
the CSF pressure increased above 10 mm Hg. The induc-
tion of anesthesia was achieved with intravenous doses of
etomidate (0.3 mg/kg) and sufentanil citrate (4 mg/kg).
Anesthesia was maintained with sufentanil citrate (4
mg/kg/h) and ketamine hydrochloride (2 mg/kg/h).
Additional ketamine hydrochloride (50 mg intravenously)
was given at signs of light anesthesia. Muscle relaxation
was induced and maintained with vecuronium bromide.
The level of neuromuscular blockade affects MEP ampli-
tude and should be maintained at a level that is compati-
ble with the recording of compound muscle action
potentials, which is usually about 20% of the baseline
amplitude. Adequate anesthetic techniques are essential
because complete neuromuscular blockade is not compat-
ible with myogenic MEP monitoring. The level of neuro-
muscular blockade was assessed with a relaxograph
neuromuscular transmission monitor (Datex, Helsinki,
Finland). This device applies a train of four supramaximal
stimuli to the ulnar nerve at the wrist every 20 seconds
and records the resulting hypothenar compound muscle
action potentials. The level of neuromuscular blockade
was expressed as the amplitude of the response to the first
stimulus expressed as a percentage of control, that is,
before the administration of the muscle relaxant. The
alarm of the relaxograph was set at 20% and was connected
to the on/off switch of an infusion pump (Braun,
Melsungen, Germany), which thus achieved a simple, on-
off, closed-loop control. Whenever the level of neuromus-
cular blockade decreased to less than the setpoint, the
alarm of the relaxograph activated the infusion pump that
delivered an infusion of vecuronium bromide at 2
mg/kg/min.
Motor-evoked potential monitoring and subsequent
operative strategies
The technique of transcranial stimulation has been
described in detail.8 Basically, single MEPs are evoked
with the application of paired stimuli to the scalp via four
9-mm silver electroencephalographic disc electrodes.
Compound muscle action potentials are recorded from
the skin over the left and right anterior tibialis muscle and
from the skin over the left and right thenar muscles. After
the stabilization of the level of neuromuscular blockade,
the supramaximal stimulus intensity is assessed. Baseline
MEP levels are measured every 5 minutes until the aorta
is cross-clamped and every minute during and after cross-
clamping. A reduction of MEP amplitude of the anterior
tibialis muscle during or after the aortic cross-clamp
period to less than 25% of baseline is considered an indi-
cation of ischemic spinal cord dysfunction. The MEP sig-
nals of the thenar muscles were used to distinguish
between spinal cord ischemia and systemic factors or tech-
nical problems.
If technically easy and feasible to reattach segmental
arteries, our general surgical strategy was to revascularize
all patent intercostal and lumbar arteries between T6 and
L3, even if MEP levels remained normal. However, in
cases of severely diseased, mushy aorta and normal MEP
levels, we oversew the segmental arteries. If MEP levels
disappeared and the aortic wall did not allow button reim-
plantation, selective local aortic endarterectomy was per-
formed and a separate Dacron graft was anastomosed in an
end-to-end fashion.6
The first step of the aortic reconstruction was the dou-
ble cross-clamping of the proximal descending aorta and
aortic transection and the performance of the proximal
anastomosis. When MEP amplitudes decreased during this
phase, DAP and mean arterial pressure were increased to
enhance spinal cord perfusion, and after exclusion of the
thoracic aortic segment, patent segmental arteries were
reimplanted if the aortic quality allowed a safe and feasible
anastomosis. The DAP that was necessary for the mainte-
nance of adequate MEP signals was considered to be the
minimal MAP in the postoperative phase and was included
in the postoperative orders of the intensive care unit.
Afterwards, if the aneurysm shape allowed sequential
clamping, the distal clamp was moved down, for the exclu-
Fig 2. Schematic representation of aortic cross-clamping
between fifth thoracic vertebrae (T5) and first lumbar vertebrae
(L1) and L1 and L5 with subsequent motor-evoked potential
(MEP) changes in patients with type II thoracoabdominal aortic
aneurysm (TAAA).
s.a., Segmental arteries; DAP, distal aortic pressure.
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sion of a thoracic segment or complete thoracic or even
thoracoabdominal aorta. In the latter case, a 3-minute to
5-minute test-clamping was performed for the evaluation
of spinal cord function. When rapid loss of MEP levels
occurred that were not correctable with the increase of
DAP and MAP, the clamps were removed and the
patient’s temperature was actively cooled to 31°C to
32°C, followed by the repositioning of the cross clamps,
aortotomy, and reimplantation or grafting of patent seg-
mental arteries. If the MEP levels disappeared and no seg-
mental arteries could be identified, endarterectomy of the
aortic wall was rapidly performed and 6-mm or 8-mm
Dacron grafts were anastomosed to the orifices of back-
bleeding segmental vessels in an end-to-end fashion. After
the completion of this distal anastomosis, a perfusion
catheter of the left heart bypass graft was inserted in the
graft to restore perfusion to the spinal cord. At the end of
the procedure, the selective graft to the segmental artery
was anastomosed to the aortic tube graft in an end-to-side
fashion.
Outcome parameters
Evoked potential data obtained from the thenar and
anterior tibial muscles were collected and stored in the
computer. During surgery, all the patent intercostal and
lumbar arteries were scored. Reattached, selectively
grafted, and oversewn segmental arteries were noted.
Hemodynamic data and changes in MAP and DAP were
integrated in the computer recording. At the end of the
aortic reconstruction, all the integrated data on segmental
arteries, revascularization, MEP changes, and hemody-
namic fluctuations were stored in the patient study files.
RESULTS
Clinical outcome
At the end of the procedure, adequate MEP levels
were encountered in 183 of 184 patients. In one patient
with a type III aneurysm, MEP levels disappeared after
the exclusion of the aortic segment between T12 and L5.
MEP levels disappeared and did not return despite the
revascularization of three segmental vessels between L1
and L3. The patient awoke with paraplegia. Two patients
had delayed paraplegia develop after 6 and 9 days and
two patients had temporary paraparesis, which accounted
for an overall neurologic deficit of 2.7% (five of 184
patients), of which 1.6% (three of 184 patients) was per-
manent. Both patients with delayed paraplegia had selec-
tive grafts to intercostal arteries, which were constructed
because of critical cord ischemia, corrected with this
revascularization. One patient had acute paraplegia
develop at the day of discharge, and emergency angio-
graphic results showed occlusion of both grafts to T9
and T11. The patient underwent emergency surgery, and
transcranial stimulation results showed absent MEP lev-
els. Thrombectomy did not result in neurologic improve-
ment. The second patient with delayed paraplegia had
patent grafts to T10 and T12. Rapid introduction of an
intrathecal catheter revealed a normal CSF pressure of 10
mm Hg, and no reason for the paraplegia was identified.
Two patients with initially normal MEP levels had tem-
porary unilateral weakness, which correlated with MEP
amplitudes of 20% to 25% in the affected leg at the end
of the procedure.
The in-hospital mortality rate was 10.8% (20 of 184
patients). Nine patients died of myocardial infarction, four
of respitory failure, three of stroke, and four of multiple
organ failure. Major complications included pulmonary
insufficiency (pneumonia, persistent atelectasis, prolonged
ventilatory support; 48%), cardiac failure (23%), renal fail-
ure (2%), stroke (2%), and visceral ischemia (1%).
Relaparotomy or rethoracotomy was necessary in two
patients (1%) because of postoperative bleeding.
Motor-evoked potential changes and anatomy of seg-
mental arteries
Reproducible MEPs could be recorded in all the
patients. After double cross-clamping, MEP levels
remained adequate in 141 of 184 patients (77%), with a
mean DAP of 58 mm Hg. In 43 patients (23%) signifi-
cantly reduced MEP levels could be corrected with an
increase in DAP (mean, 69 mm Hg).
Type I. In type I aneurysms, the total number of
identified segmental arteries was 214, which is a mean of
three arteries per patient (Table). The exclusion of the
aorta between the left subclavian artery and the renal
arteries in patients with type I aneurysms showed intact
MEP levels in 36 of 68 patients (53%; Fig 1). In 28 of
Fig 3. Schematic representation of aortic cross-clamping
between fifth thoracic vertebrae (T5) and first lumbar vertebrae
(L1) and L1 and L5 with subsequent motor-evoked potential
(MEP) changes in patients with type III thoracoabdominal aortic
aneurysm (TAAA).
s.a., Segmental arteries.
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these 36 patients, segmental arteries were identified.
Nineteen patients underwent reattachment despite ade-
quate MEP levels, and in nine patients, the patent arteries
were oversewn because of severely diseased aorta. In eight
of 36 patients, no intercostal arteries were seen, which
indicated that spinal cord perfusion was provided promixal
or distal to the cross-clamps. In 32 of 68 patients (47%),
MEP levels decreased to critical values and recovered after
an increase in DAP (n = 9), reimplantation (n = 14), or
aortic endarterectomy with selective grafting (n = 9).
Type II. The total number of identified segmental
arteries was 484 in 91 patients (mean, 5.4 per patient).
The exclusion of the aortic segment between T5 and L1
resulted in normal MEP levels in 54 of 91 patients (59%)
and abnormal MEP levels in 37 patients (41%; Fig 2).
In the 54 patients with adequate MEP levels, 36
patients had patent segmental arteries. Twenty-four of
these patients underwent reimplantation, and in 12
patients, the arteries were oversewn. In 18 of 54 patients,
no segmental arteries between T5 and L1 were patent,
which indicated spinal cord perfusion distal to L1 or prox-
imal to T5. In 37 of 91 patients, the critically decreased
MEP levels returned after an increase in DAP (n = 8), reat-
tachment of segmental arteries (n = 22), or aortic
endarterectomy and selective grafting (n = 7). The exclu-
sion of the aortic segment between L1 and L5 showed
additional ischemic MEP levels in 12 patients, which
could be restored with the reattachment of arteries
between L3 and L5.
In six of the 18 patients who did not have patent ves-
sels between T5 and L1, no segmental arteries were found
between L1 and L5 and MEP levels remained normal.
However, the stopping of the left heart bypass graft for the
clamping of the iliac arteries immediately caused critical
MEP changes, which indicated that spinal cord perfusion
depended on the pelvic circulation. MEP levels returned
instantly after relief of the iliac clamps.
Type III. The total number of identified segmental
arteries was 128 in 25 patients (mean, 5.1 per patient). In
14 of 25 patients (56%), MEP levels remained normal
after cross-clamping between T6 and L1 (Fig 3). Three
patients had no visible arteries, and 11 patients had patent
vessels. Of these patients, eight underwent reattachment,
and in three patients, these vessels were oversewn. Critical
MEP levels occurred in 11 of 25 patients (44%) and were
corrected with an increase in DAP (n = 1), reattachment
(n = 6), and aortic endarterectomy and selective grafting.
In seven patients, critical cord ischemia occurred after the
exclusion of L1 to L5 and the revascularization of lumbar
arteries between L3 and L5 was required for the restora-
tion of MEP levels. In the three patients without patent
arteries between T6 and L1, no segmental vessels between
L1 and L5 were found either. Also, in these patients, the
MEP levels depended on the pelvic circulation provided
with the left heart bypass graft.
With the combination of the results of all the
patients, proximal cross-clamping combined with distal
aortic perfusion is shown to maintain adequate cord per-
fusion in most patients (77%) with a mean DAP of 58
mm Hg. At a mean of 69 mm Hg, no spinal cord
ischemia occurred. The exclusion of T5 to L1 in type I
and II cases revealed adequate MEP levels in 57% (90 of
159 cases), which indicated that spinal cord perfusion
was mainly determined by L1 to L5 or proximal cervical
inflow. In 43% of type I and II cases, spinal cord circula-
tion was supplied with T5 to L1. With the findings of
type II and III cases, spinal cord perfusion was directed
with lower lumbar arteries in 16% (19 of 116 cases) and
pelvic circulation in 8% (nine of 116 cases). Critical
ischemic MEP changes without visible segmental arteries
occurred in 18 patients (10%) and required aortic
endarterectomy and selective grafting. The Table shows
the total number of identified and reattached segmental
arteries. The mean number of patent and reattached
Identified and reattached segmental arteries
Type I aneurysms (n = 68) Type II aneurysms (n = 91) Type III aneurysms (n = 25) Type I, II, and III aneurysms
Identified Reattached Identified Reattached Identified Reattached Identified Reattached
T5 10 4 21 16 0 0 31 20
T6 12 4 25 18 2 1 39 23
T7 8 3 19 15 4 2 31 20
T8 25 12 46 31 6 4 77 47
T9 34 19 51 36 14 9 99 64
T10 39 28 59 41 18 12 116 81
T11 42 26 73 58 19 12 134 96
T12 29 19 28 19 20 17 77 55
L1 15 8 41 35 8 6 64 49
L2 0 0 37 28 11 8 48 36
L3 0 0 28 24 9 5 37 20
L4 0 0 29 18 9 7 38 25
L5 0 0 27 15 8 6 35 21
Total 214 123 (57%) 484 354 (73%) 128 89 (69%) 826 566 (69%)
Mean 3.1 5.4 5.1 4.5
T, Thoracic vertebrae; L, lumbar vertebrae.
arteries was 4.5 and 3, respectively. The aortic segment
T8 to T12 contained 61% of patent arteries.
DISCUSSION
The study results confirm that monitoring of MEPs is
a competent method for the assessment of spinal cord
ischemia during TAAA repair, which completely correlates
with the postoperative neurologic outcome. The most
striking observation was that, in patients with atheroscle-
rotic thoracoabdominal aneurysms, the anatomy of the
segmental arteries, both intercostal and lumbar, is entirely
disturbed. Furthermore, the combining of these anatomic
findings with MEP monitoring revealed that functional
anatomy is highly variable.
In a healthy person, blood reaches the spinal cord
along the branches of the vertebral, deep cervical, inter-
costal, and lumbar arteries, which, with the anterior and
posterior spinal arteries, contribute to the formation of
longitudinal anastomotic channels along the cord. The
spinal branches give rise to anterior and posterior radicular
arteries, which supply territories that correspond to several
cord segments,9 of which the middle thoracic segment is
much less supplied. The wide spacing of the radicular feed-
ers leaves large “watershed” areas along the course of the
anterior spinal artery. In these areas, the arterial blood sup-
ply is precarious, and the interruption of one of these feed-
ers may have ischemic consequences. Theoretically, the
segmental spinal arteries arise from the aorta in the thoracic
and lumbar region. In the surgical territory, the number of
intercostal and lumbar arteries between T5 and L5 would
be approximately 26. In our patients with TAAA, we
encountered a mean of only five patent arteries. As a rule,
the main radiculomedullary artery for the thoracolumbar
spinal cord territory enters the vertebral canal between T9
and T12 in 75% of cases, between L1 and L3 in 10% of
cases, and between T5 and T8 in 15% of cases.9 However,
several other radiculomedullary arteries provide supple-
mentary arterial circulation, including lateral sacral arteries
and other side branches of the internal iliac artery. Indeed,
in 16% of our patients with type II and III aneurysms, the
functional contribution to spinal cord blood supply mainly
arose between L3 and L5, and in 8% of the patients
depending on the pelvic circulation. This signifies the
impressive collateral network that obviously develops in
patients with degenerative aortic aneurysms. The difficulty
in the interpretation of these findings is the unexplored and
unknown correlation between the anatomy of the radicu-
lomedullary arteries and their functional contribution to
the spinal cord supply in healthy humans.
Because only a limited number of intercostal and lum-
bar arteries are patent in patients with TAAA, it is likely
that spinal cord supply depends on collateral circulation.
Therefore, we agree with Griepp et al10 that the artery of
Adamkiewicz is probably irrelevant and does not even
exist in its assumed function in most patients with TAAA.
What does this mean for clinical practice, and should func-
tional spinal cord monitoring be incorporated in routine
surgical protocols? In type I aneurysms, approximately half
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of the patients will not develop spinal cord ischemia
because cord blood supply originates below L1 and perfu-
sion is provided with the left heart bypass. In the other
half of patients, spinal cord ischemia will eventually occur
and will require revascularization of the intercostal arter-
ies. MEP monitoring results will detect cord ischemia.
However, assessment is not absolutely necessary as long as
patent segmental arteries will be reattached. The only
exception will be the situation in which MEP levels disap-
pear and no patent segmental arteries can be found.
Without the MEP information, no further surgical actions
would be considered and the procedure would be termi-
nated in an usual fashion but with a patient with potential
paraplegia. These ischemic circumstances occurred in 13%
of the patients and required rapid aortic endarterectomy,
selective intercostal artery grafting, and selective perfu-
sion. The fact that aortic endarterectomy always showed
several back-bleeding segmental arteries indicates that
these vessels still participate in the collateral network. Only
their orifices are occluded with the aortic plaques, but
their lumen can be still patent. We believe that restored
antegrade flow can re-establish active contribution to
spinal cord perfusion.
In type II cases, the same strategic principles can be
applied. However, lumbar arteries play a decisive role in
spinal cord perfusion. Therefore, we are rather liberal in
reattaching intercostal arteries during the thoracic part of
the procedure, even if MEP levels are adequate. This
“back-up” system is constructed with anticipation on cord
ischemia during the abdominal phase and the assumption
of collateral connection between intercostal and lumbar
arteries. However, in 12 type II and seven type III cases,
spinal cord ischemia occurred during the abdominal
phase, despite thoracic segmental artery revascularization.
Evoked potentials were restored after the reattachment of
lumbar arteries between L3 and L5. Again, MEP informa-
tion appeared crucial because the reattachment of these
arteries would not have been considered. The extreme
example of collateral circulation is depicted with 8% of
type II and III cases in which no segmental vessels were
patent and MEP levels remained normal until the iliac
arteries were clamped. Thus, distal aortic perfusion was
interrupted, which illustrates the importance of distal aor-
tic perfusion providing cord blood supply during the
entire surgical reconstruction.
In contrast to the functional assessment with MEP
monitoring, revascularization strategies of segmental arter-
ies have also been on the basis of anatomic assessment of
patent vessels. Kieffer et al11 showed that the risk of para-
plegia is highest when the aortic segment from which crit-
ical intercostal vessels arise is encompassed in the resection.
Williams et al12 reported a trend towards decreased
neurologic complications when intercostal vessels that
contributed to the arteria radicularis magna could be pre-
served in proximal or distal suture lines. Preoperative
angiographic localization of spinal cord blood supply
appears to be feasible but only visualizes the arteria radic-
ularis magna in 55% to 65% of patients.12,13
JOURNAL OF VASCULAR SURGERY
36 Jacobs et al January 2002
The protective value of both distal aortic perfusion
and liberal reattachment of segmental arteries will proba-
bly not prevent neurologic deficit in 100% of the cases.
Even with perfect monitoring techniques and subsequent
surgical strategies there will remain mechanisms that
determine a catastrophic outcome. One intraoperative fac-
tor that contributes to increased neurologic damage,
despite distal aortic perfusion, occurs if a large critical aor-
tic segment is excluded by the cross clamps and the time
to restore spinal cord blood supply is too long. Additional
strategies for the reduction of neurologic deficit are on the
basis of an increase in the ischemic tolerance of the cord
during this critical period of clamping. The effect of per-
missive or induced hypothermia is well established.4
Pharmacologic adjuncts aim to reduce the cascade that
leads to neuronal death.14 The clinical use of most of these
agents is hampered by their toxicity and side effects.
Future therapeutic directions should be aimed at adjuncts
that exert their effect early in the ischemic cascade or in
combinations of agents that block the ischemic cascade
downstream. A logical approach for the prevention of irre-
versible spinal cord damage during this prolonged inter-
ruption of blood supply would be the selective perfusion
of segmental arteries. In an animal study, we recently
showed that selective segmental artery perfusion with spe-
cially designed tapered catheters could provide sufficient
spinal cord blood flow for the prevention of paraplegia.15
In the clinical situation, this technique would be advanta-
geous when a prolonged aortic clamping time is to be
expected, so that a large segment of segmental arteries can
be reimplanted. Another important benefit for the sur-
geon is that expeditious surgery would no longer be
required and a full effort could be made to reimplant all
presenting arteries.
In our surgical protocol, we completely rely on MEP
monitoring and all strategies for the prevention of spinal
cord ischemia are dictated by this information. The intra-
operative assessment of spinal cord integrity can also be
performed with somatosensory evoked potentials (SSEPs).
A drawback of SSEP monitoring is the occurrence of false-
negative results, such as postoperative paraplegia despite
unchanged SSEPs.16 This is because SSEPs assess conduc-
tion in the dorsal part of the spinal cord, whereas the
motoneural system is located in the anterior horn. In our
experience, with the simultaneous monitoring of MEPs
and SSEPs, we encountered a high incidence rate of false-
positive and false-negative results of monitoring SSEPs.17
It should be emphasized that the monitoring of evoked
potentials only assesses the function and integrity of the
spinal cord and does not allow the differentiation of the
individual contribution of the various adjunctive proce-
dures like distal aortic perfusion, CSF drainage, cooling,
or pharmaceutical influences.
In general, we follow the logical approach that inter-
rupted blood supply to the spinal cord is best treated with
revascularization. The reimplantation of segmental arteries
between T9 and T12 should always be considered.18
However, the study results show that spinal cord blood
supply is anatomically highly variable and disturbed. In
patients with TAAA, most intercostal and lumbar arteries
are occluded and spinal cord perfusion depends on an
eminent collateral network. The monitoring of MEPs is a
sensitive technique for the assessment of spinal cord
ischemia and the identificaiton of segmental arteries that
critically contribute to spinal cord perfusion. Surgical
strategies on the basis of this technique reduced the inci-
dence rate of neurologic deficit to less than 3%.
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Dr G. Melville Williams (Baltimore, Md). I certainly need to
congratulate Dr Jacobs for his outstanding results. A neuromus-
cular deficit rate of 2.7% is truly astonishing considering the com-
plexity of the patients he treated.
Our angiographic studies certainly confirm the relative
paucity of patent intercostal arteries in large fusiform aneurysms
with mural thrombus. Further, we agree with and need to empha-
size his findings that the spinal cord obtains its blood supply from
the rich, complex network of persistent collateral vessels and that
the net input or detraction from this system is what determines
outcome. However, we have not been able to duplicate the
exquisite sensitivity he describes with motor-evoked potentials,
which is the foundation of this report. We certainly need to get
our neurophysiologists together. This is not a technique that you
can simply apply without strict application of the details that he
has described along with his neurophysiologists in previous pub-
lications.
I have the following questions.
What puzzles me and certainly must puzzle you is how do
you explain Dr Acher’s low rate of paraplegia when he basically
ignores the segmental arteries?
Second, how often do side branches to previously occluded
intercostal artery orifices stay open? I had the unfortunate experi-
ence of adding a side branch to a known important intercostal
artery supplying a large artery of Adamkiewicz and simply could
not get this graft to stay open, presumably because it was coming
from a dissection where the membrane went into this vessel. So
while the side arms may supply us some confidence, I think you
have to choose an intercostal artery that has a large network of
outflow.
And finally, what penalties have you encountered to your
technique of resupplying all segmental arteries?
Dr Michael J. Jacobs. I fully agree that the secret of this tech-
nique of evoked potential depends on the dedication of the neu-
rophysiologist and anesthesiologist.
Regarding your first question, that has puzzled me already
for many years, the technique of Dr Acher oversewing all inter-
costal arteries and coming up with a paraplegia rate less than 10%,
I simply do not understand that. Because our logical approach is
if you interrupt blood flow, you have to reattach.
With regard to the patency of the segmental arteries follow-
ing selective bypass grafting, we do not perform routine angiog-
raphy after each procedure. Only in the two patients with the
delayed paraplegia, we brought them to the angio suite, and in
one patient they were occluded, one patient they were open. So I
have no idea in all these patients what the percentage of the
patency is. I guess that many of them will occlude because the
outflow is so limited. But at least in the patient population, it
brings them over the threshold for that time of ischemia and
maybe collateral circulation develops in the weeks, months, and
years later.
The penalty of reattachment is time. But since the evoked
potentials dictate our surgical strategy, we aim to get the evoked
potentials restored after one or two reattachments. But if we do
not get the evoked potentials back, we know that the patient will
be paraplegic, and we just continue until we regain spinal cord
perfusion.
Dr James F. McKinsey (Chicago, Ill). Your answer to your
last question leads into mine. What is the longest period of time
intraoperatively that you went from losing evoked potential to
restoring it and then having evoked potential return and a good
outcome, kind of giving us the time frame we have to work with?
And the second is your adjunct procedures that you do both
perioperatively, spinal cord drainage, radical free scavengers, and
then carrying it postoperatively, because we’ve all had the anec-
dotal case where someone comes in, is moving their legs postop-
eratively, the spinal drain or something comes out, and they
become paraplegic.
Dr Jacobs. The longest time that the evoked potentials were
absent is approximately 90 minutes, indicating spinal cord
ischemia for all that time.
But if the amplitude comes back, that can only mean that
there is conduction in the anterior horn. And these patients, sur-
prisingly enough, walk home. So we do not have a correlation
between the duration of ischemia and the neurologic outcome;
however, the numbers are small.
In patients who at the end of the procedure have very low
amplitude evoked potentials, we continue measuring evoked
potentials in the ICU, let’s say, for 48 hours, and monitor very
accurately the CSF pressure. And there we see a correlation. If
CSF pressure rises up to, let’s say, 20, 30 mm Hg, in these
patients evoked potentials can disappear again. So it’s a very strict
balance.
Dr Matthew Campbell (Fairfield, Calif). First of all, I’d like
to congratulate you on what I appreciate is a very, very important
study in this field. Many very well-renowned people have been
hacking away at this particular problem for many, many years.
And I’d just like to point out, to the audience also, your per-
centage of type twos and the fact that you have not even included
any type fours in these data make the 2.7% paraplegia rate, I don’t
know the recent numbers, but extremely competitive with
Houston, where I spent a few years counting those intercostal
arteries when Dr Safi opened the aorta. We kind of looked at it in
a different direction where we would prospectively document the
fate of the intercostals and then go back and look to see what hap-
pened to the patient and then try to figure out which were the
most important arteries and that was the paper he published a
couple years ago about the fate of intercostals.
The information that you have about the lower lumbar arter-
ies I think really helps to solve the problem. What I would like to
ask you is about the distal aortic perfusion. The problem that we
often have about maintaining the distal aortic pressure is that it’s
hard just to set a pressure and maintain it because you have to
adjust it depending on the patient’s systemic blood pressure.
Were you always able to maintain a pressure of 80 to regain the
evoked potentials, or was that often a limiting factor?
Dr Jacobs. Well, hemodynamically, it’s a very good question,
because if you steal too much with the pump, you can have a pres-
sure reducing too low above the proximal clap, that’s true. But in
fact it’s not a big problem, and pressures can be well regulated.
DISCUSSION
